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By means of time-resolved photoluminescence (PL) and confocal PL measurements, temporally
and spatially resolved optical properties have been investigated on a number of InxGa1xN/GaN
multiple-quantum-well (MQW) structures with a wide range of indium content alloys from 13% to
35% on ð1122Þ semi-polar GaN with high crystal quality, obtained through overgrowth on nanorod
templates. With increasing indium content, the radiative recombination lifetime initially increases
as expected, but decreases if the indium content further increases to 35%, corresponding to emis-
sion in the green spectral region. The reduced radiative recombination lifetime leads to enhanced
optical performance for the high indium content MQWs as a result of strong exciton localization,
which is different from the behaviour of c-plane InGaN/GaN MQWs, where quantum confined
Stark effect plays a dominating role in emission process.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4905191]
The major achievements in III-nitride optoelectronics
have so far been made predominantly on (0001) sapphire. This
polar orientation results in internal electric fields due to polar-
ization effects, generating the so-called quantum-confined
Stark effect (QCSE). This becomes particularly pronounced in
InGaN/GaN material system as a result of the large lattice-
mismatch between InGaN and GaN. Consequently, current
InGaN-based emitters suffer from a reduced overlap between
the electron and hole wave functions, thus leading to a reduc-
tion in optical efficiency. It becomes even worse when the
emission shifts towards longer wavelengths, such as the green
spectral region, since higher indium composition alloys are
required and thus the QCSE becomes even stronger as a result
of the increased lattice mismatch. This is the major mecha-
nism responsible for the well-known “green-gap” issue. One
of the promising approaches is to grow InGaN/GaN multiple
quantum well (MQW) structures along non-polar or semi-
polar orientations, which can eliminate or significantly reduce
the polarization induced electric fields, the major cause of
QCSE.1–5 Therefore, the growth of InGaN-based emitters
along a non-polar or semi-polar direction is particularly impor-
tant for long wavelength applications, where a high indium
content is required. However, so far there has been no system-
atic study on the optical properties of InGaN/GaN MQWs
with a high indium content grown on sapphire along non-polar
and semi-polar directions. Part of the reason is most likely due
to the significantly lower crystal quality achieved in such
growth on sapphire. Very recently, we have developed a cost-
effective overgrowth approach based on nanorod templates
fabricated using self-organized nickel nanomasks, leading to
an improved crystal quality in both ð1120Þ non-polar and
ð1122Þ semi-polar GaN on sapphire.6,7
Theoretically, it would be the most convenient to study
the optical properties using non-polar InGaN/GaN MQWs
with high indium content, as it can simplify the analysis as a
result of the elimination of QCSE. However, compared with
c-plane and non-polar orientations, such as ð1120Þ GaN
grown on R-plane sapphire, there is another major advantage
for InGaN/GaN MQWs grown along the ð1122Þ semi-polar
direction, i.e., an enhanced indium incorporation can be
achieved as a result of a significantly lower indium chemical
potential.8 This is also crucial in achieving high indium con-
tent InGaN/GaN MQWs with improved performance, as it
means that higher indium content can be potentially obtained
even at high growth temperatures.
In this letter, by means of time resolved photolumines-
cence (TRPL) and confocal PL measurements, we have car-
ried out temporally and spatially resolved PL investigations
on InxGa1xN/GaN MQWs with a wide range of indium con-
tent (13% x 35%) on ð1122Þ semi-polar GaN with sig-
nificantly improved crystal quality grown on nanorod
templates. Such a systematic study on ð1122Þ semipolar
InGaN/GaN MQW with high indium content has not yet
been reported, even on very expensive free-standing semi-
polar GaN substrates.9–14,21
The ð1122Þ semi-polar GaN has been obtained by over-
growth on nanorod templates, which were fabricated using
our self-organized nickel nano-mask technique.6,7 Four sam-
ples, each with five periods of InGaN/GaN MQWs were
grown on the overgrown ð1122Þ GaN. The four samples have
similar structures, but with different indium content. In each
case, the quantum well and the barrier are 3 nm and 10 nm
thick, respectively. For simplicity, the four samples are
labelled as samples A, B, C, and D, corresponding to indium
compositions of approximately 13%, 24%, 29%, and 35%,
respectively. TRPL measurements have been performed using
a time-correlated single photon counting (TCSPC) system
using a 375 nm pulsed diode laser with a pulse width of 83 ps
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as an excitation source. The luminescence was dispersed
using a 0.55 m monochromator and detected by a thermoelec-
trically (TE) cooled charge coupled device detector (CCD).
The samples were mounted into a closed-circuit helium cryo-
stat to implement temperature-dependent TRPL from 7 to
300K. Spatially resolved PL measurements have been con-
ducted at room temperature by means of a commercial confo-
cal PL system with a spatial resolution of 160 nm. The
scanning areas range from 3 3 to 10 10 lm2 with a step
size varied between 20 and 100 nm.
Figure 1(a) gives the time-integrated PL (TIPL) spectra
of all samples measured under identical conditions at 7 K,
showing that the peak emission wavelength increases from
425 to 505 nm with increasing the indium content. It is
worth highlighting that the PL intensity does not drop sig-
nificantly with increasing indium content even up to 35%,
corresponding to emission in the green spectral region, dem-
onstrating the major advantage of semipolar InGaN/GaN
MQWs compared to polar c-plane counterparts. The line-
widths of the emission peaks also increase with increasing
indium content, implying enhanced indium segregation.
Furthermore, all the emission peaks show an asymmetric
shape, which has been observed even for the MQWs with a
low indium content.15
Figure 1(b) shows the TRPL traces of all samples meas-
ured under identical conditions at 7K. In addition, the meas-
ured system response trace is included. For comparison,
Figure 1 also includes the data from a polar blue InGaN/GaN
MQWs sample grown on c-plane sapphire. Compared with
the TRPL trace of the polar blue InGaN/GaN MQWs, the
TRPL traces of all the semi-polar samples show a consider-
ably faster initial decay. This has also been observed on
InGaN/GaN MQWs grown on free-standing GaN sub-
strates.9–13 A standard two exponential component model is
used to study excitonic dynamics, and thus TRPL traces
[I(t)] can be described by16–18
IðtÞ ¼ A1 expðt=s1Þ þ A2 expðt=s2Þ: (1)
A1 and s1 (A2 and s2) are the fast (slow) decay compo-
nents. The fitting results are plotted in dashed lines shown in
Figure 1(b), as we have previously demonstrated on different
structures.16 For all the semipolar samples, i.e., samples
A–C, the lifetime of the fast decay component at 7K gradu-
ally increases from 0.61 ns (sample A) through 1.14 ns (sam-
ple B) to 1.44 ns (sample C). This implies that the radiative
recombination lifetime increases with increasing indium
composition from 13% to 29%. This is due to the increased
QCSE as a result of the enhanced strain, which leads to the
enhanced separation of the electron and hole wavefunctions.
These lifetime values are significantly shorter than those of
the polar c-plane blue MQW which is about 7.96 ns.
Furthermore, our previous study shows that the radiative life-
time of a c-plane green MQW sample with a similar struc-
ture was reported to be as long as 57.2 ns.16 Therefore, it can
be concluded that the polarization effect in semi-polar
MQWs is significantly reduced.
The most remarkable point is for sample D with an in-
dium content of 35%, where the QCSE becomes even stronger
as a further increased lattice mismatch between In0.35Ga0.65N
and GaN. However, Figure 1(b) shows that the lifetime of the
fast decay component decreases to 1.08 ns. Based on the well-
established knowledge of c-plane InGaN/GaN MQWs, poten-
tial fluctuations and localization centres can play a significant
role in the recombination processes of InGaN quantum wells.19
Further studies of exciton localization have been carried out
by investigating temperature/excitation power-dependent
TRPL and high spatial-resolution confocal PL measurements.
Figures 2(a) and 2(b) show the excitation-power depend-
ent TIPL spectra and the excitation-power dependent traces
of the TRPL, respectively, both measured at room tempera-
ture. Figures 2(c) and 2(d) provide both the wavelength of
the emission peak and the lifetime of the fast decay compo-
nent as a function of photo-generated carrier density (i.e., ex-
citation power), extracted from Figures 2(a) and 2(b),
respectively. The photo-generated carrier density Nphoton can
be estimated by the following equation:20
FIG. 1. (a) TIPL spectra and (b) TRPL trace of all samples, measured under
identical conditions at 7K.
FIG. 2. Excitation-power dependent (a) TIPL spectra and (b) TRPL traces
of sample B as an example, respectively. (c) Emission peak wavelength and
(d) PL lifetime as a function of photo-generated carrier density for all sam-
ples. All are measured at room temperature.
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Nphoton ¼ P
hvð Þ  / dactive  f
 1 exp aInGaNdInGaNð Þ½ 
 1 Rð Þ; (2)
where P is the power of pumping laser; hv is the energy of
injected photon; / is the spot size of laser beam; dInGaN and
aInGaN are the thickness and absorption efficiency of InGaN
active layer, respectively; f is the repetition rate of laser used;
and R is the reflectance, which can be estimated by using re-
fractive indices of air and GaN. A 375 nm pulsed laser with a
repetition rate of 20 MHz was used, and the laser beam was
focused down to a spot of 25 lm diameter. The excitation
power density used ranges from 0.69 to 71 kW/cm2. For our
measurements, we have /¼ 25 lm, dInGaN¼ 15 nm,
aInGaN ¼ 105 cm1, and R¼ 0.17. Consequently, Nphoton has
been estimated to range from 4.4 1015 to 4.5 1017 cm3.
Figure 2(c) shows that the blue shift in emission energy jDEj
increases from 3 to 13meV as the indium composition
increases from 13% to 35%. The evolution of the lifetime of
the fast decay component is shown with increasing photo-
generated carrier density in Figure 2(d). Under low photo-
generated carrier density, the lifetime of the fast decay
component is short, as non-radiative recombination dominates
the carrier recombination process. An increase in lifetime of
the fast decay component is observed for increasing photo-
generated carrier density. It is expected that this is related to
the saturation of some nonradiative recombination channels.
The increase in the lifetime of the fast decay component with
increasing carrier density saturates for sample A when the
photo-generated carrier density is above 2 1016 cm3. The
saturation point is gradually shifted to higher power densities
with increasing indium content, as marked by the shadowed
areas in Figure 2(d).
Temperature dependent TRPL measurements have been
performed. As an example, Figure 3(a) shows the
temperature dependent TRPL trace of sample B. Radiative
recombination lifetime (sR) and non-radiative recombination
lifetime (sNR) are obtained based on an approach proposed
by Marcinkevicˇius et al.22,23
sR ¼ sPL  ðItpðTÞ=Itpð7KÞÞ1 and
1=sPL ¼ 1=sR þ 1=sNR; (3)
where ItpðTÞ is the PL transient peak after the excitation at
the corresponding temperature.
Figure 3(b) shows the radiative recombination lifetime
(sR) and non-radiative recombination lifetime (sNR) of all
samples as a function of temperature from 7 to 300K. For
sample A with an indium composition of 13%, sR at 7K and
300K is 0.63 ns and 2.93 ns, respectively, both of which are
much faster than that of c-plane MQWs. The corresponding
sNR at 7K and 300K is 23.8 ns and 0.29 ns, respectively.
The transition temperature,12 where the dominating emission
mechanism changes from radiative to non-radiative recombi-
nation, is 160K. When the indium content increases to 24%,
i.e., sample B, the transition is reduced to 120K as a result
of the increased polarization effect.16 Furthermore, the sR of
sample B is 9.9 ns at RT, which is longer than that of sample
A. For sample C, the transition further reduces to 100K, and
the sR further extends to 26.6 ns.
The most interesting behaviour is found in sample D,
where the polarization effect is further enhanced as a result
of increased indium content. However, Figure 3(e) shows
that the increasing trend of the sR is greatly suppressed when
the temperature is above 120K. The sR even remains as fast
as 7.14 ns at RT. Therefore, this means that the optical emis-
sion mechanism for semi-polar InGaN/GaN MQWs with
high indium content is dominated by exciton localisation
effects rather than the QCSE, which is significantly different
from high indium content MQWs on the polar c-plane. This
also implies that growth of InGaN/GaN MQWs along the
semi-polar ð1122Þ orientation offers the potential of achiev-
ing high efficiency green or even yellow emission.
The exciton localization as a result of indium segrega-
tion has been confirmed by detailed confocal PL measure-
ments. The PL mapping measurements have been performed
at room temperature on all samples with a scanning area of
3 3 lm2 and a step size of 20 nm. In order to make a clear
comparison, Figures 4 and 5 show mapping of the peak
wavelength and the full width at half maximum (FWHM) of
the peak emission from samples A and D, respectively. The
peak wavelength of the emission from sample A fluctuates
from 429 to 434 nm and the FWHM from 19 to 25 nm as
shown in the histograms given in Figure 4(c), while the
range of the data for sample D shown in Figure 5 is much
larger as a result of the significantly higher indium content in
sample D. Table I summarizes all parameters obtained from
the confocal PL mapping measurements on samples A–D,
indicating that with increasing indium content, the ranges in
both the peak wavelength and the FWHM of the emission
peaks progressively increase from 0.7 to 3.0 nm and from 1.1
to 3.1 nm, respectively. These features indicate enhanced
exciton localization as a result of increasing indium content.
Furthermore, it has been found that a clear spatial correlation
exists between the emission peak wavelength and the
FIG. 3. (a) Temperature dependent TRPL traces measured from 7 to 300K
using sample B as an example. (b)–(e): sPL, sR, and sNR of samples A, B, C,
and D as a function of temperature from 7 to 300K.
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FWHM of the emission peak. For example, for sample A,
the spectra taken from the areas labelled as “1” and “2” are
shown in Figure 4(d), while Figure 5(d) shows the spectra
taken from the areas labelled as “3” and “4” of sample D.
The differences between the points in Figures 4(d) and 5(d)
in PL intensity and peak wavelength are significantly
increased for sample D. Furthermore, multiple PL peaks
have been observed as shown in Figure 5(d). These results
confirm the formation of local potential fluctuations leading
to exciton localization in semi-polar MQWs as a result of
increasing indium content.
In summary, a temporally and spatially resolved optical
investigation has been carried out on InxGa1xN/GaN
(13% x 35%) MQWs grown on the ð1122Þ semi-polar
GaN with high crystal quality, achieved through overgrowth
on nanorod templates. The radiative recombination lifetime
increases with increasing indium content as expected before
reaching the green emission region. Further increasing the
indium content to generate green emission leads to a faster
radiative recombination lifetime, which is different from
InGaN/GaN MQWs grown on polar c-plane sapphire where
the QCSE plays the dominant role in the emission process.
The reduced radiative recombination lifetime is due to the
formation of sub-micron localization centres in local poten-
tial fluctuations as a result of the high indium content, while
the QCSE does not play an important role due to the semipo-
lar orientation of the InGaN/GaN MQWs. The formation of
the exciton localization centres has been confirmed by our
detailed confocal PL measurements.
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